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Abstract. Thermally induced group effects characterise closely spaced energy piles. It has been observed 
experimentally that the behaviour of energy piles subjected to mechanical and thermal loads, in which the 
piles are located sufficiently close to each other, is different from the behaviour of single isolated piles. 
Therefore, civil engineers encounter new challenges in the geotechnical design of such foundations. This 
leads to the necessity to develop practical tools to address their analysis and design. The conventional load 
transfer method is one of the commonly used methods for the analysis of axially loaded conventional piles. 
Thus, the purpose of this study has been to propose a formulation of the load transfer method to consider the 
thermally induced effects among energy piles in groups. The soil response is characterized in a lumped form 
by ascribing the behavioural features of the soil to interface elements. The individual response, in terms of 
strain and stress of an energy pile in a group, can be addressed for the first time through the application of 
the displacement factor in the load displacement curve of the single isolated energy pile. A validation 
through a full-scale field test reveals the capability of the approach to provide the necessary information in 
the analysis and design phases of the foundation for one-way thermal loads. 
1 Introduction 
The load transfer method was first proposed by Coyle & 
Reese [1] to address the analysis of axially mechanically 
loaded single piles. The main feature of the method is 
that the continuity of the soil domain is ignored and the 
pile-soil interaction is represented by springs. Each of 
these springs is characterised by a constitutive law. Thus, 
soil non-homogeneity, non-linearity, post-peak softening 
and interface dilation or contraction may be incorporated 
[2]. Over the years the need to have procedures for the 
design of pile foundations has led to studies focusing on 
the formulation of the method to consider group effects 
[3-6]. 
To date, energy piles are an expanding technology 
that represents an important contribution to the transition 
to nearly zero energy buildings. Therefore, civil 
engineers are asked to perform the geotechnical design 
of such foundations [7]. For single energy pile the load 
transfer approach has been modified to analyse the 
response to thermal loads [8-11]. The method is 
considered an effective analysis approach to address the 
energy pile capacity and deformation caused by axial 
mechanical and thermal loads [12]. The goal of this 
study is to propose a formulation of the load transfer 
method to consider the thermal and mechanical 
interactions among energy piles in group. The proposed 
approach provides information of paramount importance 
for engineering applications such as the vertical 
displacement, the vertical stress and the mobilised shaft 
resistance. The validation of the method has been 
performed through a heating-only full-scale field test. 
2 Load transfer method for energy pile 
groups  
The analysis approach considered in this study draws on 
the formulation of the load transfer method originally 
proposed by Coyle & Reese [1]. The pile is divided into 
several elements. The load displacement behaviour for 
each of these elements is characterised at its side by an 
elastoplastic interaction with the soil. The element at the 
head and at the base are respectively characterised by an 
elastic pile-structure interaction and an elastoplastic 
interaction with the soil. An illustration of the approach 
is shown in Figure 1. 
In dealing with the analysis of an energy pile in a 
group, the formulation of load displacement curves must 
be properly modified to consider mechanical and thermal 
interactions. The displacement of a pile in the group is 
amplified compared to that of the isolated pile due to the 
interactions among the piles. Therefore, an amplification 
factor is defined [13, 14, 15]. For energy piles this factor 
is called the displacement ratio, Rd [15], to consider the 
displacements in both directions and it is the ratio 
between the average displacement of pile group and the 
displacement of single pile subjected to the same average 
load. The load displacement curves are modified 
according to the concept that for a pile in a group the  
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Fig. 1. Schematic of an energy pile employed in the load 
transfer method. 
 
necessary displacement to mobilise the same shaft 
resistance of an isolated pile is multiplied by the 
displacement ratio and the ultimate resistance is kept the 
same. 
                                        wg = Rd  wi  (1) 
                                           ts,g = ts   (2) 
where wi and wg are the displacement of the isolated 
energy pile and the energy pile in group, respectively; ts 
is the mobilised shaft resistance. As for the base the load 
displacement curve is not modified. The load 
displacement curves for an isolated pile and a pile in 
group are shown in Figure 2. Comodromos et al. [6] 
introduced this approach for conventional pile groups 
and is employed in this work for energy pile groups. 
 
Fig. 2. Load displacement curves 
When addressing the analysis of an energy pile, 
additional hypotheses and considerations must be 
introduced. In modelling the energy pile the pipes are not 
included, the pile material follows a linear thermo-elastic 
behaviour and the properties are independent from 
temperature changes. Investigations on the effect of the 
temperature on the load displacement curves [16-20] 
have not yet provided a solid and unified observational 
framework. Therefore, the ones used in this study are 
considered to be unaffected by temperature effects. With 
regards to load scenarios, the method allows an analysis 
towards both mechanical and thermal loads. The thermal 
load is idealized considering a temperature change 
applied uniformly and instantly along the pile. This 
assumption has been based on the investigations of Rotta 
Loria & Laloui [21]. 
2.1 Implementation of the method 
The previously described concept has been implemented 
in a mathematics form in a finite element code where 
springs have been used as boundary conditions [22]. The 
load displacement curves were implemented to consider 
a non-linear response at the interface. The laws 
governing the pile-soil interaction employed in this study 
are the ones proposed by Frank & Zhao [23]. The 
equations read 
If     u ≤ wg,qs/2                ts =Ks,g u                                   (3)     
If   wg,qs/2 < u < wg,qs      ts =qs/2 +(u- wg,qs/2) Ks,g/5        (4)      
If     u ≥ wg,qs                  ts = qs                                       (5)     
where u is the displacement at each boundary node of the 
mesh. Ks,g is the slope of the load displacement curve of 
the energy pile in group and represent the stiffness that 
govern the pile-soil interaction at the shaft; qs is the 
ultimate shaft resistance. 
3 Application and validation of the 
method  
The method has been applied to predict the response of 
an energy pile and the results have been compared with 
the available experimental ones [21, 24].  The results of 
this experiment are the reference for comparison with the 
results obtained using the load transfer method proposed 
and the resulting validation. 
3.1 Model parameters 
The model parameters are derived from the available 
geotechnical parameters. The site of the field test has 
been studied from both geological and geotechnical 
points of view over the years, given the construction of 
numerous buildings in the area. The geotechnical 
characterization of the area is based on laboratory tests 
(granulometric tests, Atterberg’s limits and triaxial tests) 
and on-site testing (standard penetration test). In contrast 
to the top three layers (A, B and C), minor information 
relates to the molasse layer (D) for which a detailed 





geological description has been made but limited 
geotechnical information are available [25, 26].                                
In this regard, a parametric analysis was carried out for   
the definition of stiffness of the springs that govern the 
pile-soil interaction within the molasse. The available 
data reflects the information that an engineer generally 
receives in the preliminary stages of design. This 
framework provides the condition to test the validity of 
the method under the conditions for which it is proposed 
(i.e. time- and cost- effective solution for the preliminary 
analysis and design of energy piles where limited 
geotechnical information is available). Therefore, the 
model parameters, shown in Table 1, are derived from 
the typical geotechnical parameters. 
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 The model parameters necessary for the analysis of an 
energy pile in a group are (i) the ultimate shaft 
resistance, qs, (ii) the ultimate base resistance, qb, (iii) the 
slope of the elastic branch of the shaft load displacement 
curve Ks,i, (iv) the slope of the elastic branch of the base 
load displacement curve, Kb,i, (v) the slab stiffness, Kslab 
and (vi) the displacement ratio, Rd. The ultimate shaft 
resistance has been estimated based on an effective stress 
analysis. The base resistance has been computed 
following the approach proposed of Zhang & Einstein 
[26].  According to the description of the load 
displacement curves proposed by Frank & Zhao [23], the 
shaft and base stiffness are determined through the 
Menard pressuremeter modulus. The evaluation of the 
head rigidity has been based on the formulation proposed 
by Gorbunov-Posadov & Serebrjanyi [28].  Among the 
parameters the key ones for the application of the 
method is the displacement ratio, Rd. In this study the 
expression presented by Comodromos et al. [6] is 
recognized valid to consider the displacements among 
energy piles. Indeed, this expression depends on the pile 
group configuration and the variation in the 
displacement field of the single pile. In the analysis the 
Rd values have been computed at each simulation step 
due to its dependency on the associated displacement 
field. 
 
Table 2. Displacement ratio values 
 
Displacement ratio Rd, mec Rd, mec+th  
(ΔT = 5 °C) 
Rd, mec+th  
(ΔT = 10 °C) 
 Kb, i = 667 [MPa/m] 3.26 3.33 3.13 
 Kb, i = 1335 [MPa/m] 3.26 3.32 3.12 
 It is also known that the displacement factor, Rd, 
must be corrected to consider the influence of the 
location of the pile on the behaviour of the pile in the 
group. In this study, since the group consists of four piles 
there is no dependence of the position and the location 
factor is therefore defined equal to unity. 
 
4 Results and discussion  
The case presented here refers to the condition in which 
all the piles are activated simultaneously. 
The analysed pile has been subjected to a value of 
mechanical load of 495 kN and to a thermal load of ΔT = 
5, 10 °C. These conditions correspond to the load to 
which each pile was subjected in the tested group [12, 
24].  
Figures 3, 4 and 5 show profiles of strain, stress and 
mobilised shaft resistance where the results obtained 
from the application of the proposed method are 
compared to the experimental ones. The presented values 
correspond to the variations due to the simulation of the 
geothermal function of the energy foundation. Thus, 
stresses and deformations caused by mechanical actions 
are not included. 
Thermally induced group effects have been 
observed experimentally by Rotta Loria & Laloui [24]. 
The highlighted effects result in an increase in strain and 
a reduction in stress when the pile subjected to a thermal 
load is in a group of piles. The experimental values 
shown here refer to the behaviour in the group. 
Simulations with the proposed method are presented 
for two sets of parameters, as discussed in the Model 
parameters section, referring to the definition of the 
coefficient of interaction with the molasse layer for 
which limited geotechnical information was available. 
The maximum observed differences between the two 
analyses are in the order of 10-12%. 
The trend in terms of both deformations and stress is 
captured by the method. The major differences between 
the experimental and numerical results are both for stress 
and strain in the initial phase of the test (i.e., ΔT = 5 °C 
Figure 3(a) and 4(a)). In the experimental campaign 
conducted by Rotta Loria & Laloui [21, 24] temperature 
measurements outline an uneven profile along the length 
of the tested piles while a mean value of temperature is 
applied constantly and instantaneously in the model. The 
differences can then be attributed to these differences in 
temperature. In fact, as the test progresses the 
temperature along the pile becomes more uniform and 
this results in a better agreement between the 
experimental and numerical results. From the 
experimental results it was possible to infer the 
mobilised shaft resistance. The comparison shows that 
the values obtained from the model predict well the 
experimental results. The ability of the proposed method 
to provide information on stress and mobilised shaft 
resistance profiles is an added value being the only one 
of the simplified methods currently available to provide 
such information.  






Fig. 3. Experimental and numerical vertical strain variations 
 
 
Fig. 4. Experimental and numerical vertical stress variations 
 
5 Conclusion 
In this study, a simplified method was presented which 
allows to estimate quantities of paramount importance 
for engineering applications such as the vertical 
displacement, vertical stress and mobilised shaft 
resistance of an energy pile in group subjected to 
thermo-mechanical load. The procedure for applying the 
method can be summarized in four steps: 
1. The parameters of pile-soil interaction are defined 
for the case of the isolated energy pile.  
2. As the field of displacement of the isolated pile is 
known, the displacement ratio, Rd is determined.   
 
 
Fig. 5. Experimental and numerical mobilised shaft resistance 
 
3. The load displacement curves of the energy pile in 
group is modified as explained in section 2. 
4. The analysis of the pile in the group can be 
conducted in the same way as those of the isolated 
case using the load displacement curves modified. 
The presented results confirm that, despite theoretical 
simplifications, the pile behaviour in the group is in 
close agreement with the experimental data. As a general 
conclusion, the method proposed in this study is capable 
of predicting the magnitude of the vertical displacement, 
stress and mobilised shaft resistance of an energy pile 
within the group with reasonable accuracy for practical 
application and is therefore considered a time- and cost-
effective solution in the preliminary stages of design. 
However, it should be borne in mind that this method is 
classified as a simplified method and therefore has 
simplified hypotheses. The main assumptions relate (i) 
the continuity of the soil is ignored and the pile 
interaction is represented in a lumped form, (ii) thermal 
volume response of the ground is neglected, (iii) heat 
transfer processes are not considered and the application 
of the thermal load consists of applying a constant and 
uniform temperature variation along the entire length of 
the pile, (iv) the load displacement curves and pile 
properties are independent of temperature changes, (v) 
the current validated results refer to heating thermal load 
and conditions in which the behaviour of the pile is 
governed by thermally induced pile deformations. 
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